From a resin cast of a normal pulmonary arterial tree, the diameter, length, and number of branches in each order were determined for arteries from 25 to 300 /xm in diameter. Histological sections 120-ftm thick were cut from a normal human lung in which the pulmonary artery had been injected with a mixture of ink and gelatin. Similar measurements were made on arteries from 10 to 70 ftm in diameter, and the mode of origin of the capillaries was studied. The data thus obtained were found to correspond reasonably well to values previously estimated by extrapolation from data for arteries of 100 (im or more in diameter. The branching rules apply down to arteries of about 10-15 fim in diameter, the estimated number of which is 73 million. Distal to these vessels, capillaries arise either directly from small arteries or indirectly via precapillaries which are given off in great numbers and diverse patterns from the small arteries.
THE MORPHOLOGY of the human pulmonary arterial tree, as determined from measurements of a resin cast, has been described previously. 1 In that study, the branches were divided into three zones according to their diameters; a proximal zone (PZ) down to 0.8 mm in diameter, an intermediate zone (IZ) down to 0.1 mm in diameter, and a distal zone (DZ) of branches smaller than this. No data were presented for branches in the distal zone, but their dimensions were estimated by extrapolation. The purpose of the present study is to provide data for arteries 100 (im and less in diameter and to compare the data with the values previously obtained by extrapolation. Two methods were used: (1) casting of the arterial tree with resin and (2) injection of the arterial tree and capillary network with a mixture of ink and gelatin solution.
Methods

Resin Cast
The technique of making the cast and of analyzing the dimensions and numbers of its branches in relation to order have been described previously. 1 Only those details that are peculiar to the present study will be given here.
The lungs for the cast were obtained at autopsy from a 56-year-old man who had been free of respiratory disease but who had died suddenly from a myocardial infarction. Saline was used to inflate the lungs by pumping it into the trachea at a pressure of 25 cm H 2 O. Resin was run into the pulmonary artery at a pressure of 35 cm resin (it has a density of about 1.1). A difference of 10 cm was used because previous work with dog lungs had shown that this produces a cast right down to the capillaries without filling them very much. This proved to be a successful technique for the human lung too and results in a good cast of the total arterial tree.
Samples of small arteries, from 100 to 300 /xm in diameter, and their branches, were broken off the finished cast for study. It was desirable that these samples should be as intact as possible so as to be able to determine orders and numbers of branches correctly. They were therefore chosen on the basis of a preliminary examination for completeness, being taken from several areas of each lobe, as shown in Table 1 . A binocular dissecting microscope was used to study samples, working at x50 and measuring with a scale in one eyepiece. The scale had graduations of 20 /i.m, and measurements were estimated to the nearest 10 /xm.
A preliminary examination of the samples showed that it was impractical to measure branches less than about 25 /am in diameter. Order 1 branches in this section of the study were therefore defined as the first branch of 30 /urn or more in diameter encountered on any pathway passing up from the capillaries toward the main pulmonary artery. A number of order 1 branches were difficult to measure because their diameter varied along their length. A similar observation was made by Pump. 2 In this case, the branch was counted but not measured. The distal end of order 1 branches was often indeterminate when they branched into capillaries, and many were broken, so that no attempt was made to measure their length. A drawing was made of each sample, which was then ordered by Strahler's method.--A few of the samples had broken branches and a correction was made for these. As the branching ratio was seen to be approximately 3, the correction was made by attributing three order 1 branches to each broken order 2 branch. For each broken order 3 branch, three order 2 branches and nine order 1 branches were assumed ( Table  2 ). The order of a broken branch was estimated by comparing it with unbroken branches of approximately equal diameter, the order of which could be determined.
The number of branches in each order was counted and corrected when necessary, and the mean, range, and standard deviation of the diameter and length of branches in each order were calculated. 
Ink Injection
The pulmonary artery of one normal human lung obtained at autopsy was injected with a mixture of waterproof drawing ink (400 ml) and gelatin (45 g in 100 ml of water), using the technique of Reid and Heard. 5 Two blocks were taken from each lobe, and sections 120 /urn thick were cut from each block. A total of 48 sections were examined at a magnification of x50. Vessels had filled down to and including capillaries which could be clearly seen. Each section was methodically scanned over its entire area, looking for small arteries which branched mainly in the plane of the section. Fifty-two suitable arteries and their branches were found and studied. These were drawn, ordered, and counted in the same way as were the resin cast samples. The mode of origin of the capillary networks also was studied. It was not possible to follow every branch to its termination in the capillary network because some inevitably ran out of the plane of the section. Corrections for these were made in the same way as for broken branches on the cast (Table 2 ). On the basis of observations described below, order 1 branches were defined as the first branch of 10-15 /j,m in diameter down any pathway.
Results
The pulmonary arterial cast of the right lung weighed 92 g and that of the left lung 81 g, a total of 173 g. Each The total is made up of intact branches and broken branches. Corrected numbers include three order 2 branches for each broken order 3, and three order 1 branches for each broken order 2 and for each order 2 assumed to arise from each broken order 3. side included the corresponding main branch of the pulmonary artery, but the pulmonary trunk was excluded. The density of the resin being approximately 9/8, the total volume was 173 x 8/9 = 154 ml. Table 3 gives the pooled data for all the samples from the resin cast; it shows the mean, range, and standard deviation of the diameter and length of branches in each order and the number of branches which were measured to obtain these data. Also shown are the number of branches in each order corrected for broken branches. Table 4 gives similar information for the ink-injected samples.
Capillary networks were seen to originate from the small arteries by a wide variety of patterns, some of which are shown in Figure 1 . Most commonly, short precapillary vessels arise at right angles from branches of about 30 pirn in diameter ( Fig. 1A) . They average about 20 /im in length 2 but may be 100 (im or more ( Fig. IB) . Arcades of capillary-sized vessels join the ends of adjacent precapillaries, and from these there arise the capillary networks. Arteries of from 10 to 30 /xm in diameter may terminate by breaking up abruptly into capillary loops (Fig. 1C) or may divide through one to four dichotomous divisions of gradually decreasing diameter, finally merging imperceptibly into the capillary network ( Fig. ID) . Capillaries may arise directly from the sides of surprisingly large arteries, at least 100 fxm in diameter and probably even greater (Fig. IE) . These are supplying the alveoli on first and second order respiratory bronchioles. 2 At the level of the precapillary vessels there is no discernible regular pattern All branches were measured with respect to diameter, but incomplete branches were excluded from the length measurements; n = number of branches measured; SD = standard deviation. Not all of the branches could be measured because some were incomplete at either their proximal or distal end; n -• number of branches measured; SD = standard deviation. of branching; therefore, order 1 branches have been defined as those between 10 and 15 pirn in diameter which are first encountered going down any pathway.
Discussion
The injection techniques used in this study raise some difficult problems. The pressures used for casting the small arteries were determined empirically by preliminary experiments with dog lungs. When vascular resin pressure exceeds airway water pressure by more than 12 cm, resin enters the capillaries and at 20 cm will flow through and into the veins. The system thus behaves as though there were a critical opening pressure, presumably dependent on both the viscosity of the resin, which is considerably greater than that of blood, and its surface tension. If the resin were liquid in the vessels at the time that flow ceased (and this was certainly the case in the tubing), then the full resin pressure should have been transmitted to the vessel walls, which would be correspondingly distended. A possible exception to this would be if the circumferential surface tension of the resin in a vessel were sufficient to take up some of the pressure. On this question, no data are available.
With the gelatine and ink injection, the material entered the capillaries, and therefore the small arteries were subject to a proportion of the applied pressure during flow. However, the injection was stopped at a predetermined volume, before the injectate had set, so that the pressure operative at the moment of setting is not known. The two techniques give similar diameters (see orders 3 and 4, Fig. 2 ) so, presumably, they produce similar distending pressures in the small vessels at the time of setting. Comparisons of vessel diameters determined by these techniques with those determined by others, such as rapid freezing, have not been made.
All these injection techniques are potentially subject to the problem of negative artifacts; that is, one never can be sure that all vessels have filled. However, unless failure to fill results in a perfectly smooth cut-off at the point where the branch originates, a stub of vessel will be apparent and the resulting deficiency can be corrected as if it were due to a broken branch. In comparing and collating data from the cast and ink-injectiin studies, and also those from the previous study of the larger arteries, 1 it must be remembered that they were based on three different pairs of lungs. Perfect compatibility of the data sets is not therefore to be expected. Furthermore, the pressures employed in preparing the casts differed slightly. For the larger vessels, the airways were inflated at 20 cm H 2 O and the vessels cast at 25 cm resin, whereas, in the present study, 25 cm H 2 O and 35 cm resin, respectively, were used. The degrees of inflation of the lungs resulting from saline at 20 and 25 cm H 2 O differ but little, and would be near total lung capacity in each case. The difference Table 5 ).
FIGURE 3 Relation between number of branches and order in the pulmonary arterial tree. Number of branches is plotted on a logarithmic scale on the ordinate, and Strahler orders on the abscissa. The scales on the abscissa are the same as in Figure 2. Triangles = proximal zone data, circles = intermediate zone data, squares = distal zone data (cast), crosses = distal zone data (ink injection). The dashed line shows the number of branches in the total system calculated from the branching ratio of each zone (see
between vascular pressure and airway pressure helps to determine the degree of peripheral vascular filling, and this was 5 cm in one lung and 10 cm in the other. There might therefore be slightly greater distension of vessels in the present study. Finally, the arbitrary cut-off diameters defining the orders in each study may mean that the orders are not quite synchronous when the sets of data are superimposed.
The relation of the data sets can best be seen by plotting all the data together. Figure 2 is based on Figure 3 from the previous paper, 1 illustrating the relation between the logarithm of mean diameter and length vs. order. The lines of best fit for branches of 100 /xm diameter and over are shown, and these have been extrapolated to give estimates of mean dimensions for the lower five orders. Data from the present study have been plotted on this figure, and it may be seen that they fit the extrapolated line reasonably well, confirming a 17-order system down to branches 10-15 /xm in diameter. In view of the fact that the data points at the extremes of each set of data do not coincide perfectly where orders overlap, there seems little point in recalculating the lines of best fit from all the data. The dimensions estimated from the original regression line are close enough to the data to allow them to stand unchanged. Figure 3 is similarly based on Figure 4 from the previous paper, 1 illustrating the relation between logarithm number of branches and order. The present data and their lines of best fit have been added; they are not quite parallel, slope increasing with decreasing order. Table 5 gives the regression equation and branching ratio for each line. The estimated numbers of branches in each order below 10, as shown in Table 4 of the previous paper, 1 are now seen to require amendment. They can be recalculated easily by making use of the branching ratios. First, the number of order 10 branches are calculated, using the proximal zone regression equation. Then the numbers of branches in orders 9 to 6 are calculated by multiplying by the intermediate zone branching ratio. The numbers of orders 6 to 3 are similarly found by multiplying by the distal zone resin cast branching ratio, and of orders 2 and 1 by multiplying by the distal zone ink injection branching ratio. This method yields an estimated total of 73 million order 1 branches, as shown in Figure 3 . A revised model of the pulmonary arterial tree is given in Table 6 . The number of precapillary vessels is unknown but it often is possible to see several supplying the capillary net of one alveolar wall. It seems probable that they are considerably greater in number than the alveoli and, therefore, there must be a change in the pattern of branching at this level. There is a parallel in the branching of the peripheral airways in that the alveolar ducts branch more profusely and less regularly than the conducting airways, probably with the requirement to fill all available space. Similarly, the arteries, having come as far as the alveolar ducts, must supply all the alveoli. Many of these lie along the length of a vessel coursing with an airway and are therefore easily supplied by the many short rightangled precapillary branches.
Comparison between the results of this study and those of other workers is difficult because none of the latter have used orders. Thus, only rather general comparisons can be made. Von Hayek" described precapillaries as about 40 nm in diameter, giving rise to capillaries via vessels "having a length of about 'h the diameter of an alveolus and up to 3 times the lumen of a capillary." These would be comparable with orders 2 and 3. Pump 2 gives the diameters of arteries running with the respiratory bronchioles as 200-300 pim with RBI, 160 /xm with RB2, and 119 pirn with RB3, which correspond with orders 6 and 7. "Arterioles" he describes as having a diameter of 30 /xm (order 3), giving rise to precapillary vessels of 10.5 /xm diameter and 21.5 /urn length. These are order 1 vessels or their immediate branches. The general arrangement of the vessels and how capillaries originate from them are well described by Pump, and the observations described in this paper are in agreement with his. Elliott and Reid 7 studied branching in the pulmonary arterial tree injected with barium sulfate in gelatin. They found that arteries branch along with the airways but, in addition, smaller supernumerary branches occur which are not directly associated with airway branches. These supernumerary branches are more numerous distally. It might therefore be expected that the arterial tree has a higher branching ratio than the bronchial tree and this should increase distally. The values shown in Table 5 confirm this, and they may be compared with the branching ratio for the airways which is 2.8.
Although extrapolation of data plots often can give misleading results, it is interesting to note how the changes in diameter and length of the smaller arteries with order were in fact well predicted by extrapolation from data derived from the larger arteries. That this was possible for the arterial tree is probably because its function, the movement of blood by convective flow, is the same all the way down the system. Such extrapolation, if applied to the pulmonary airways, would produce erroneous results, because there is little change in the diameter of the peripheral airways with order. This is probably because function changes peripherally, molecular diffusion taking over from convective flow. Extrapolation is therefore likely to yield valid results only when the functional determinants of morphology are constant throughout the system.
